Historically, research has focused on the mean and often neglected the variance. However, variability in nature is observable at all scales: among cells within an individual, among individuals within a population and among populations within a species. A fundamental quest in biology now is to find the mechanisms that underlie variability. Here, we investigated behavioural variability in a unique unicellular organism, Physarum polycephalum. We combined experiments and models to show that variability in cell signalling contributes to major differences in behaviour underpinning some aspects of social interactions. First, following thousands of cells under various contexts, we identified distinct behavioural phenotypes: 'slowregular-social', 'fast-regular-social' and 'fast-irregular-asocial'. Second, coupling chemical analysis and behavioural assays we found that calcium signalling is responsible for these behavioural phenotypes. Finally, we show that differences in signalling and behaviour led to alternative social strategies. Our results have considerable implications for our understanding of the emergence of variability in living organisms.
Introduction
Differences in behaviour between individuals within a species lead to major consequences for the ecology and evolution of populations [1] [2] [3] [4] [5] [6] [7] . This is obvious when behavioural polymorphism is correlated with genetic polymorphism, but it is also true when behavioural differences can be traced to different environments or are based on underlying stochasticity [8] . Behavioural differences are observed at multiple levels of organization: among individuals within a group [2] [3] [4] [5] [6] , among groups within a population [7] and among populations within a species [9] . Despite the pioneering studies of Jennings [10] and Gause [11] , and the present-day interest in microbial social behaviour [12, 13] , studies on behavioural polymorphism tend to be focused on multicellular organisms, from insects to mammals [2] [3] [4] [5] [6] [7] . We argue that an understanding of behavioural variability in unicellular organisms is crucial for understanding variability in more complex organisms. In this paper, we studied variability in an unusual unicellular organism, the 'true' slime mould Physarum polycephalum.
Physarum polycephalum is a unicellular multinucleate eukaryote that is often seen on damp vegetable matter [14] . It crawls around forming extended pseudopods in order to search for food. Slime moulds have been known for decades for their amazing abilities such as finding their way in a maze [15] , solving nutritional challenge [16] , avoiding traps [17] and anticipating periodic events [18] . These are just a few examples of our growing understanding of these unusual organisms. The vast majority of these studies focus on single strains (in fact genetically identical individuals, which are easy to obtain because a single cell of P. polycephalum can be cut into multiple viable cells). Hence, we are left wondering how well the behaviour observed in one strain will generalize to other strains.
In this study, we used the most studied strains of P. polycephalum in recent major studies: North American strain (e.g. [19, 20] ), Japanese strain (e.g. [21, 22] ) and Australian strain (e.g. [16, 17] ). We first quantified the degree of variability in their behavioural repertoire, focusing on exploration and foraging behaviour. Second, we identified the underlying processes yielding behavioural polymorphism. Third, we investigated how such variability among strains influence social interactions under foraging context. Finally, we proposed a mathematical model that explains our data qualitatively and quantitatively and made predictions beyond the particular strains used in this paper.
Material and methods (a) Species
Physarum polycephalum is an acellular slime mould that inhabits shady, cool and humid organic substrates that have relatively uniform pattern and texture, such as tree bark or soil. Its vegetative morph, the plasmodium, a vast multinucleate cell, can grow to cover up to 900 cm 2 and crawl at speeds from 0.1 to 5 cm h 21 [14] . The migrating cell extends a search front at the leading edge, which is followed by a system of intersecting tubules towards the trailing edge (electronic supplementary material, figure S1 ). In the presence of certain chemical stimulus in the environment, P. polycephalum shows directional movements (i.e. chemotaxis) [14] . We used three different strains of P. polycephalum: AUS (Southern Biological, Victoria, Australia), JPN (Hakodate University, Japan) and USA (Carolina Biological, South Carolina, USA). Experiments were initiated with a total of 30 sclerotia per strain, which are encysted resting stages. We cultivated cells on a 10% oat medium (rolled oat in a 1% agar solution). All experiments were carried out in the dark at 258C temperature and 70% humidity, and run for 24 h. Pictures were taken every 5 min with a digital Canon 60D camera.
(b) Exploration behaviour
We began by monitoring the exploration movement evoked in cells in the absence of food in the environment. Each cell was introduced in the centre of a circular arena (Ø ¼ 9 cm) containing a layer of agar (1% in distilled water). Once the agar had set, we punched one circular hole (Ø ¼ 1.3 cm; figure 1). The hole was filled with a circular cell of diameter 1.3 cm sitting on a 10% oat medium (H ¼ 0.3 cm) using a template. All cells were fed just before the experiment so we assumed that they were in the same physiological state. We monitored the cell until it reached the edge of the arena. Every 5 min, we recorded the area covered, the maximum distance to the centre and a measure of irregularity that we call circularity (figure 1a; for image processing, see electronic supplementary material, methods). We replicated the experiment 40 times for each strain.
(c) Foraging behaviour
We then monitored the directional movement response evoked in cells in the presence of food or food-related activities. Cells were allowed to choose between two localized stimuli placed at a distance of 2 cm from each other and from the cell within a circular test arena (Ø ¼ 9 cm) containing a layer of agar (1% in distilled water; electronic supplementary material, figure S2 ). Once the agar had set, we punched three circular holes. The first hole was filled with a circular cell (Ø ¼ 1.3 cm) sitting on a 10% oat medium (H ¼ 0.3 cm) using a template. The two other holes, placed 2 cm away from the first, were filled with the stimuli presented (Ø ¼ 1.3 cm, H ¼ 0.3 cm). The stimuli were: -AG, neutral stimulus: 1% plain agar substrate (stored for 24 h in sealed containers at 258C and rinsed with distilled water just before the experiment). AG was taken as the background stimulus, namely the same agar as on the rest of the arena. -FD, food stimulus: food 10% oatmeal -agar mixture (stored for 24 h in sealed containers at 258C and rinsed with distilled water just before the experiment). -FO, foraging stimulus: 1% plain agar substrate on which a cell was fed previously. We allowed a cell to cover the agar and fed it with oat flakes for 24 h, making sure that the food was in contact only with the cell and never in contact with the agar substrate. Then we removed the cell and food, and rinsed the agar substrate with distilled water just before the experiment.
The three stimuli were combined pairwise to offer cells the binary choices listed below. In the case of choices (ii) to (iv) cells were confronted in separate experiments by stimuli produced by either a cell of the same strain or a cell of a different strain. Throughout a typical experiment, the cell explored its environment by expanding its network of tubules in all directions for a short distance and then building one or few search fronts (electronic supplementary material, figure S2 ). The patch that was reached first was taken to imply a positive response (i.e. a relative preference for the stimulus in that patch over the alternative). We recorded which stimulus was contacted first. We replicated each binary choice (30 in total) 100 times (3000 experiments in total).
For all binary choice experiments, we tested whether cells preferred one stimulus to the other using a binomial test. We also conducted generalized linear models using a logit-link function to test for the effect of the strain of the cell monitored (strain effect) and the strain of the cell that left the foraging stimulus (stimulus effect) on the probability of choosing FO for both binary choices (FO versus AG and FO versus FD).
(d) Foraging stimulus
Chemical products diffuse from the foraging stimulus into the agar, as evidenced by the apparition of concentric precipitate rings, also known as Liesegang's rings [23] (electronic supplementary material, figure S3 ). Calcium was considered as a likely candidate for the foraging stimulus because it is extruded together with indigestible food components when P. polycephalum cells are feeding [24] and it has been shown to be an attractant for P. polycephalum [25] . Hence, in the following experiment we investigated if calcium excretion could account for the positive chemotaxis response to FO.
(i) Presence of calcium. First, we verified that all strains were excreting calcium while feeding using complexometric rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152322 titration of calcium. The FO was enclosed in agar gel and not in a solution. Agar gel can be turned into an aqueous solution but this necessitates continuous heating at 708C. However, a temperature of 708C promotes instability in the formation constant (K f ) and thus prevents any classic calcium titration using EDTA [26] . Therefore, we designed a different protocol to evaluate calcium excretion. We used Eriochrome Black T (EBT 0.05%, V ¼ 100 ml), a complexometric indicator that turns red when it forms a complex with calcium and magnesium. The pHs of the solutions for titration were adjusted using 0.5 ml of sodium hydroxide solution (NaOH, 30%) to obtain a pH We replicated this measure 10 to 14 times for each stimulus. As agar gel is not a natural substrate for P. polycephalum, we also checked if calcium could diffuse in paper, a substrate closer to natural conditions (electronic supplementary material, figure S4 ).
(ii) Attraction to calcium. To confirm that calcium was an attractant for all strains, we placed a cell in a test arena and confronted it with a binary choice between a calcium stimulus (CaHPO 4 in 1% agar) varying in concentration (0.05, 0.005 and 0.0005 M) and a neutral stimulus (AG). Each combination was repeated at least 50 times for each strain. We monitored which stimulus was contacted first. (iii) Sequestration of calcium. To prove that calcium excretion might be a good candidate to explain FO attraction, we sequestrated the calcium in FO using EDTA. We repeated the experiment FO versus AG. However, this time, previous to the experiment we soaked the patch FO with either EDTA (0.025 M) or distilled water for 1 h. Using the calcium titration described previously, we ensured that calcium was absent in patches rinsed with EDTA (calcium index , 0.05, n ¼ 10) and still present in patches rinsed with distilled water (calcium index . 0.1, n ¼ 10). The patches were then added to a test arena together with a neutral agar patch (AG). In a control experiment, we offered a choice between FD rinsed with EDTA and AG to demonstrate that EDTA is not repulsive. We monitored which stimulus was contacted first. We replicated each binary choice at least 50 times for each strain and each experiment.
We tested whether cells preferred one stimulus to the other using binomial tests. We also tested for stimulus attractiveness across strains tested and stimulus characteristics (calcium concentration or rinsing treatment) using a generalized linear model using a logit-link function.
(e) Intercellular interactions
After testing whether cells reacted to cues left by other cells, we looked at what happened when cells interacted in a foraging environment. Two cells belonging to the same strain were confronted with two identical food sources in a foraging environment consisting of a 9 cm arena lined with agar (1% in distilled water). Once the agar had set, we punched four holes (Ø ¼ 1.3 cm) into the agar and filled them with either a 10% oat medium (Ø ¼ 1.3 cm, H ¼ 0.3 cm) or a cell sitting on a 10% oat medium (Ø ¼ 1.3 cm, H ¼ 0.3 cm). We considered two foraging environments (figure 4a). In the first one, cells were close (2 cm) and interactions were favoured. In the second one, cells were distant from one another (5 cm) and interactions were unlikely. Each cell was 2 cm away from the food sources in both environments. As a control, a single cell was confronted with two identical food sources in the absence of congeners in the same environments (figure 4a). We conducted more than 100 replicates for each strain and each environment. For each cell, we monitored the latency to reach the food and which food was reached first.
The latencies were compared using a general linear model, with strain, presence of a congener and foraging environment as factors. To investigate if the cells' choices were independent from each other, the distribution of the two cells between the food sources were compared with a random distribution using a binomial test.
(f ) Model
We proposed a dynamic model of cell -cell interactions in a foraging environment. The model explored the decision-making process when two cells X and Y were introduced in the same foraging environment with two identical food sources. As in the experiment, we designed two foraging environments, one favouring interactions and one disfavouring interactions. We extended previous models of how cells of P. polycephalum migrate [20, 27] to simulate the cells growth rate towards the food sources. The cell fractions X i and Y i on the source i (i ¼ 1, 2) changed with time t according to the following set of ordinary differential equations:
ð2:1aÞ
where M is the total cell size and
is the cell fraction left in the start position. n accounts for the spontaneous departure from the food source i and F is the cell speed. As a cell moves towards the food source i, the rate of migration increases, resulting in further cell growth. This is accounted for by f X ðX i , Y i Þ and f Y ðY i , X i Þ, which are translating positive feedbacks in the migration process: the cell fraction X i (or Y i ) on the food source i increases with the fractions of cell X i and Y i already on the food source i. The functions describing these positive feedbacks are written as:
The migration of a cell X (or Y ) towards the food source i typically starts being appreciable once the cell fraction that has left the start position exceeds a threshold value K. The probability of spontaneously moving is Q/K at t ¼ 0. The Hill exponent n represents the strength of the positive feedback. Here, it is fixed to 2 but the properties of the model do not change qualitatively, as long as n . 1. Finally, b determines how X is attracted to Y (and conversely Y to X ). figure 4c ). The experiment could have two main outcomes: the two cells selected the same food source (SF) or different food sources (DF). When two AUS cells were placed in an environment favouring interactions the food exploitation was not random and they both often exploited the same food source (binomial test p , 0.001; figure 5 ). When they were placed in an environment disfavouring interaction, food exploitation was not different from a random distribution (i.e. the outcomes SF and DF happened with an equal probability; p . 0.05; figure 5 ). Regarding the USA and JPN cells, food exploitation was not different from a random distribution no matter the environment ( p . 0.05; figure 5 ). This indicates that the presence of congeners influenced the decision-making process in terms of which food to exploit only for the AUS cells.
Results

(e) Model
Upon appropriate non-dimensionalization, the model defined by equations (2.1a) and (2.1b) could be reduced to
ð3:1Þ
k is a threshold directly linked to the cell size M, thus K and M are expected to be of the same order. Here, we made the hypothesis that k is the same for all strains and is equal to 1. As for u, we will take it to be small throughout the numerical solution of equations (3.1) (such that u/K 2 will be a small spontaneous probability of moving from the initial position at t ¼ 0). To gain analytical insight, we will hereafter fix u to 0, it being understood that the qualitative properties of the solutions, and in particular their stability, are not affected. Although all solutions were not analytically accessible even with u ¼ 0, it was straightforward to see that equation (3.1) accounted at the steady-state regime for the principal results of the experiments. Indeed, we found analytically (see the electronic supplementary material), in addition to the trivial solution
sponding to the situation where both cells selected the same food source; - After checking numerically the stability of the solutions, it appeared that only these solutions could be stable (electronic supplementary material, figure S5 ). The non-dimensionalized model (with k ¼ 1 and u ¼ 0) possesses now two key parameters that have specific values depending on the strains considered: the speed f and the attraction level b. We showed that AUS cells were 1.5 times slower than JPN and USA cells (figure 1b). We therefore fixed f AUS ¼ 10 and Exploring the model, we predicted what would happen if the most different cells, namely AUS and USA, were introduced together with two food sources in both environments. According to the model, both cells would often select the same food source, showing that the AUS cell phenotype dominated the outcome. We then confirmed this prediction experimentally (figure 5). Often, the USA cell first found a food source and is followed by the AUS cell (electronic supplementary material, figure S6 ).
Discussion
Although many studies have focused on behavioural differences in numerous animals [2] [3] [4] [5] [6] [7] , few have taken the step of looking for behavioural differences among lower organisms [11, 28, 29] . This study extends our knowledge of the behavioural repertoire of a single-celled organism and shows the existence of various behavioural phenotypes among true slime moulds. The behavioural phenotypes that we observe form three clearly distinguishable categories: 'slow, regular and social' (AUS), 'fast, irregular and asocial' (USA) and 'fast, regular and social' (JPN).
We showed that the existence of behavioural type relies on a simple mechanism. While feeding, cells extrude calcium together with indigestible residuals in the environment-the so-called 'foraging stimuli' in our experiment. We demonstrated here that these excretions are attractive to other cells. We identified calcium as the main chemical signal that mediates this behaviour, confirming that chemotactic orientation can be induced by calcium [25] . We revealed clear differences in terms of stimulus attractiveness and stimulus responsiveness among strains. Foraging stimuli produced by AUS cells are richer in calcium and are the most attractive for all three strains. AUS cells are also the most responsive to the foraging stimuli. This might be due to difference in perception or response threshold to calcium among strains. AUS cells might respond to weaker concentration than USA cells. Our observations offer an intriguing parallel to what is seen in the (unrelated) cellular slime mould Dictyostelium discoideum: there, starved cells spontaneously develop differences in calcium content [30] . 'High-calcium' cells move faster than 'low-calcium' cells [29] ; later, they go on to display other behavioural differences related to differentiation [31] The response to calcium observed in our experiment might explain the difference in growth. We showed that cells exhibited differences in growth rate under exploration context. AUS cells grow tubes slowly in all directions while USA cells construct few tubes rapidly. In the exploration experiment no stimulus was present except the cell's own excretions. In that case, the excretions might have played a retention role and slowed down growth rate in AUS cells, which were shown to excrete a higher concentration of calcium than the two other strains. Conversely, in a foraging context, the observations on AUS cells demonstrate that the information supplied by these excretions is crucial. It allows them to coordinate their activities and detect the food faster, which is an advantage to monopolize a food resource. This could constitute a step towards cooperation [32] [33] [34] . Many microorganisms possess complex communication mechanisms that allow them to interact with one another [35] ; now we can add the true slime moulds to the list. In a precedent study, we showed that cells leave an extracellular slime while exploring their environment, and use it to avoid areas previously explored and navigate in a complex environment [17] . Here we show that cells while feeding also leave chemicals in the environment, which are attractive to congeners. This means that P. polycephalum, an acellular slime mould, uses a system of communication similar to scent markings, with which they can signal to each other across time and space [36] .
The model developed in this paper shares common features with previous models of decision-making in group-living organisms having different pheromones [37] or different types of individuals [38, 39] . Exploring the model (electronic supplementary material, figure S5 ), we were allowed to make predictions for different values of speed and attraction level. These predictions would be straightforward to test either by using different strains or by changing environmental conditions. For example, cells of P. polycephalum can crawl at speeds ranging from 0.1 to 5 cm h 21 depending on the substrate or their nutritional state [14] . Moreover, thanks to the model's genericity, we can generate a number of predictions beyond the P. polycephalum case, applicable to group-living systems, in rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152322
which by changing few parameters we go from a state of aggregation to one of segregation. It is often observed that molecules initially serving one function in cells became co-opted as the signal molecule for another, thus playing numerous roles in the same organism. Such a mechanism has been proposed to explain major evolutionary transitions such as that of intercellular communication leading to multicellular organisms [40] . Following the same idea, our results show that the development of a response to molecules released passively while feeding is responsible for the emergence of communicationbased cooperation between unicellular organisms and demonstrates how sociality may have emerged.
In conclusion, as proved by the model and the experiments, the existence of various phenotypes does not require highly complex neural machinery but relies on the interplay between speed and inter-attraction level. We demonstrated that responses to congeners are mediated by the use of calcium as a signal, and showed that conflict and cooperation among individuals might emerge due to slight differences in response to calcium. Differences in response threshold to stimuli might be amplified in the presence of congeners and lead to the emergence of behavioural phenotypes. This study proves once more that calcium plays a unique biological role in cell signalling and intercellular communication [41] .
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